INTRODUCTION
Wormlike micelles are elongated locally cylindrical micelles that can be extremely long, flexible, and entangled with one another to form a transient network. This highly entangled network results in an increased viscoelasticity of the solution phase, which is similar to conventional polymer solutions. However, a remarkable advantage of surfactant wormlike micellar solutions over polymer solutions is that the former are formed by the self-assembly of surfactant molecules, making the transient network dynamically reformable against shear motion. Hence, the preparation of wormlike micellar solutions has attracted much attention from both academic and industrial re-control of their viscoelastic properties is crucial. However, the relatively large headgroups of various amino acid-based surfactants impede the preparation of wormlike micelles and the subsequent control of viscoelasticity. To address this challenge, Shrestha and Aramaki have reported the formation of wormlike micellar solutions using several amino acid-based surfactant systems 8 14 . We have also demonstrated that amino acid-based gemini-like surfactants acylglutamyllysilacylglutamate sodium salts are capable of forming wormlike micelles upon mixing with quaternary ammonium type monomeric surfactants 15 .
Herein, we showed that highly viscoelastic wormlike micellar solutions were obtained using relatively low concentrations of the amino acid-based surfactants 0.3 wt . Additionally, we confirmed that an amino acid-based monomeric surfactant, dodecanoylglutamic acid, yields aqueous solutions of wormlike micelles by forming a complex that contains tertiary and secondary alkylamines 16 . The alkylamine compounds act as an organic counterion to neutralize the carboxylic acid headgroups of dodecanoylglutamic acid, as well as to control the packing parameter for wormlike micelles. Hence, the alkyl dicarboxylic acid-alkylamine complex behaves as a gemini-like amphiphile to produce viscoelastic wormlike micellar solutions. From these findings, we expect that the rheological properties of wormlike micellar solutions will be largely affected not only by the tail length but also by the spacer chain length of gemini surfactants. Gemini surfactants yield viscoelastic wormlike micellar solutions under appropriate conditions 17 33 ; however, the effects of spacer chain length on their rheological properties have not yet been clearly elucidated. Herein, we synthesized amino acid-based gemini surfactants with varying spacer chain lengths and evaluated their rheological properties using a cationic monomeric surfactant, hexadecyltrimethylammonium bromide HTAB , as a cosurfactant. HTAB is the most popular cationic surfactant for studying the effects of cosurfactants on the rheological properties of amino acid-based surfactant solutions 8, 13 15 . Figure 1 displays the typical chemical structure of the amino acid-based gemini surfactants used in this study. These gemini surfactants, abbreviated as 12-GsG-12 s: the spacer chain length of 2, 5, and 8 methylene units , were synthesized in our laboratory by reacting dodecanoylglutamic acid anhydride with diamine compounds ethylenediamine, pentanediamine, and octanediamine . The synthetic procedures are detailed in the Supporting Information Fig.  S1 ; the molecular characterization data of the final products are summarized in Table S1 . When the synthetic mechanism was taken into consideration, each sample must contain three structural isomers. Additionally, two optically active carbons are present in each structural isomer. Hence, our surfactant samples contained a mixture of structural isomers and enantiomers.
EXPERIMENTAL SECTION

Materials
HTAB was purchased from Tokyo Chemical Industry TCI and used as received. NaOH was purchased from Wako and used as received. The water used was deionized with a Barnstead NANO Pure Diamond UV system and filtered with a Millipore membrane filter 0.22 μm pore size .
Measurements
The appropriate amounts of the various reagents were placed within glass vials at room temperature and then mixed at 80 . The samples were then kept in an incubator set at 25 for 4 d to ensure equilibration before performing the rheological measurements. The solution pH was fixed at 9 using a small amount of NaOH. The measurements were performed within a stress-controlled rheometer, AR-G2 TA Instruments , using cone-plate geometries with diameter 40 mm and cone angle 2°0′4″ . Frequency sweep measurements were performed on the linear viscoelastic region of the samples, which were previously determined by dynamic strain sweep measurements. The zeroshear viscosity η 0 of the samples was determined by steady shear rate measurements by extrapolating the viscosity in the shear rate curve to the zero-shear rate. Unless otherwise stated, all measurements reported herein were performed at 25 . Figure 2 shows the steady-shear viscosity data obtained for the aqueous mixtures of 12-GsG-12 and HTAB. The solution pH was fixed at 9, where the carboxylic acid headgroups of 12-GsG-12 were expected to be fully deprotonated. The 12-GsG-12 concentration was fixed at 3 wt , while the HTAB concentration was varied. For the mixtures containing 12-G2G-12 and HTAB Fig. 2a , a low-viscosity Newtonian fluid was obtained at low HTAB concentrations, while shear-thinning behavior was observed when the HTAB concentration exceeded 1.7 wt . The viscosity was further increased by increasing the HTAB concentration, with a maximum viscosity being observed when the HTAB concentration was 2.2 wt . It is important to note that i the highly viscous samples were optically isotropic clear solutions; ii neither precipitation nor phase separation was observed for these viscous samples; and iii these highly viscous samples exhibited shear birefringence. These observations are common in wormlike micellar solutions 8, 10 ; hence, wormlike micelles were determined to have formed in these highly viscous solutions.
RESULTS AND DISCUSSION
To better visualize the change in viscosity, we plotted the resulting η 0 data as a function of the HTAB concentration Fig. 3 . For the 12-G2G-12 and HTAB aqueous mixtures, the η 0 value reached a maximum when the HTAB concentration was 2.2 wt and a minimum when the HTAB concentration was 3.4 wt . At these compositions, the molar ratio of 12-G2G-12:HTAB was calculated to be 1:1.5 and 1:2.3 when the HTAB concentration was 2.2 and 3.4 wt , respectively. The two carboxylic acid headgroups of 12-G2G-12 were fully deprotonated at pH 9. Hence, the resulting rheological data suggest that anionic wormlike micelles were formed at low HTAB concentrations including the composition where the maximum η 0 value was obtained , and were subsequently transformed into cationic wormlike micelles at relatively high HTAB concentrations. This behavior is very similar to that observed for the cocoyl glutamate that was partially neutralized by the triethanol amine/ HTAB/water system 13 .
The spacer chain length of the gemini surfactants had a noticeable effect on the static rheological data. Overall, the static rheological data obtained for the aqueous mixtures of 12-G5G-12 and HTAB were qualitatively similar to the data obtained from the 12-G2G-12 and HTAB mixtures. The addition of HTAB resulted in a non-Newtonian shear thinning behavior and highly viscous fluids were obtained. The shear thinning behavior is a result of the deformation of the transient network of wormlike micelles at high shear rates. The η 0 value reached a maximum when the HTAB concentration was 2.0 wt and a minimum when the HTAB concentration was 3.4 wt . These compositions correspond to the molar ratios of 12-G5G-12:HTAB being equal to 1:1.4 and 1:2.5 when the HTAB concentration was at 2.0 and 3.4 wt , respectively. This result suggests that the anionic wormlike micelles were transformed into cationic aggregates when the HTAB concentration exceeded the molar ratio of 1:2. For the aqueous mixtures of 12-G8G-12 and HTAB, the addition of HTAB resulted in an increased viscosity at low HTAB concentrations; however, two phases were observed when the HTAB concentration exceeded 1.7 wt . At the maximum η 0 point HTAB concentration 1.5 wt , the molar ratio was calculated as 12-G8G-12:HTAB 1:1.1, suggesting the formation of anionic wormlike micelles. It is important to note that i the maximum η 0 values obtained in the anionic wormlike micellar region decreased as the spacer chain length increased, and ii the maximum η 0 compositions shift to lower HTAB concentrations upon increasing the spacer chain length.
It has been previously established that dynamic viscoelastic data obtained for wormlike micellar solutions follow the Maxwell model 8 :
where G 0 is the plateau modulus, G′ is the elastic modulus, G″ is the viscous modulus, ω is the angular frequency, and τ R is the single stress relaxation time. It is possible to experimentally estimate i the G 0 value from a constant value of G′ measured in the high ω region, and ii the τ R value from the G′-G″ crossover frequency ω c i.e., τ R 1/ω c . The variations of G′ and G″ are shown in Fig. 4 as a function of ω . As typical examples, the data obtained for the maximum η 0 composition are only shown here. It is clear that the elastic behavior dominates at high frequencies G′ G″ while the viscous behavior dominates at low frequencies G′ G″ . This behavior is typical for wormlike micellar solutions and supports our hypothesis that the aqueous mixtures of 12-GsG-12 and HTAB form a transient network of wormlike micelles. Additionally, the Maxwell model fitting curves reasonably agree with the experimental G′ and G″ data at low frequencies, although a significant deviation is seen for the G″ data at high frequencies. This deviation results from the transition of slower reptation to the faster relaxation mode 34 . It is important to note that such dynamic rheological behavior, which suggests the formation of wormlike micelles, was also observed in certain compositions, as shown in Fig. S2 . The rheological parameters G 0 and τ R estimated at various HTAB concentrations are shown in Fig. 5 . G 0 measures the number of entanglements between the wormlike micelles or the mesh size of the network, while τ R corresponds to the contour length of the wormlike micelles 8 .
For the 12-G2G-12 and HTAB mixtures, the G 0 value continually increased as the HTAB concentration increased, while the τ R value reached a maximum when the HTAB concentration was 2.2 wt and a minimum when the HTAB concentration was 3.4 wt . These concentrations were consistent with those at which the maximum/ minimum η 0 values were observed. The combination of the static and dynamic rheological data suggests that the structural transformation of the micelles occurred as a function of the HTAB concentration. An increased HTAB concentration results in one-dimensional micellar growth of spherical or rodlike micelles into anionic wormlike micelles; hence, viscoelastic solutions with a transient network structure are obtained. The most viscoelastic fluid corresponding to the rigid structure of the wormlike micellar network was obtained when an HTAB concentration of 2.2 wt was used, which also exhibited the highest η 0 and τ R values. A further increase in the HTAB concentration resulted in an elevated G 0 , but the η 0 and τ R values decreased when the HTAB concentration was between 2.2 and 3.4 wt . Similar results have been reported in previous publications 8, 14 , where it has been suggested that a continuous increase in G 0 with a decrease in τ R occurs because of micellar branching or interconnections that subsequently allow a faster stress relaxation and a decreased viscosity. In the region containing high amounts of HTAB, the anionic wormlike micelles were transformed into cationic micelles. The increased viscosity in this region was attributed to an elevated G 0 i.e., an increased number of entanglements among the wormlike micelles , because the τ R values observed in this region were nearly constant. In summary, an increased HTAB concentration results in the following s t r u c t u r a l t r a n s f o r m a t i o n s : s p h e r i c a l o r r o d l i k e micelles anionic wormlike micelles with a transient network structure anionic wormlike micelles with micellar branching or interconnected structures cationic wormlike micelles. The dynamic rheological behavior observed for the 12-G5G-12 and HTAB mixtures closely resembled that of the 12-G2G-12 and HTAB mixtures. However, a notable difference between the two systems was observed when the HTAB concentration was 4 wt . For the 12-G5G-12 and HTAB mixtures, it was not possible to obtain adequate G 0 and τ R values at this concentration. This result suggests that the anionic wormlike micelles exhibiting micellar branching or interconnected structures were transformed into the cationic micelles; however, this transformation does not occur directly with an increase in the HTAB concentration. It is important to note the molecular packing geometry of the mixed surfactant system, where the HTAB acts as a cosurfactant and the addition of HTAB into the anion-rich surfactant mixtures subsequently results in a decreased positive curvature of the micellar aggregates. It is thus likely that molecular aggregates with the lower positive curvature, including vesicles, formed in this region and further transformed into the cationic wormlike micelles at higher HTAB concentrations. The aqueous mixture of 12-G5G-12 3 wt with HTAB 4 wt yielded a bluish-white solution, and the dynamic light scattering measurements showed the formation of molecular aggregates that were 20-200 nm in diameter data not shown . These results support the hypothesis that vesicles were formed under these experimental conditions.
As previously noted, the aqueous mixtures of 12-G8G-12 and HTAB undergo two phase separations when the HTAB concentration was above 1.7 wt , and hence, the formation of cation-rich molecular aggregates was not observed. We confirmed the formation of anionic wormlike micelles when the HTAB concentration was 1.5 or 1.7 wt , where larger G 0 and smaller τ R values were estimated at 1.7 wt . This result indicates that the increased HTAB concentration induces branching or interconnected structures of anionic wormlike micelles, similar to the 12-G2G-12 and 12-G5G-12 systems.
As shown in Fig. 3 , the maximum η 0 values obtained in the anionic wormlike micellar region decreased as the spacer chain length increased. The G 0 values were nearly equivalent for the three 12-GsG-12 systems when the compositions that yielded the maximum η 0 compositions were used. Alternatively, the τ R values decreased as the spacer chain length increased Fig. 5 . This result indicates that the larger η 0 value obtained for the shorter spacer analogue was attributed to the larger τ R value i.e., the longer contour length of the wormlike micelles . These experimental results were consistent with the conclusions reported in a previous paper 24 in that wormlike micellar solutions were obtained in the two cationic gemini surfactant systems 1,2-bis dodecyldimethylammonio ethane dibromide 12-2-12 and 1,2-bis dodecyldimethylammonio propane dibromide 12-3-12 without the addition of cosurfactants, and the maximum η 0 value measured for these cationic surfactant systems was larger for the shorter spacer analogue 12-2-12 than for the longer one 12-3-12 . This phenomenon was due to the increased tendency toward micellar growth upon decreasing the spacer chain length 17, 24 . Hence, the smaller η 0 and τ R values measured for the longer spacer analogue in our investigation resulted from the limited one-dimensional growth of spherical, rodlike, or anionic wormlike micelles.
CONCLUSIONS
Herein, we evaluated the effects of the spacer chain length of amino acid-based gemini surfactants on the formation of wormlike micelles in aqueous solutions. These surfactants yielded viscoelastic wormlike micellar solutions at pH 9 upon mixing with the cationic cosurfactant HTAB. The rheological behavior was strongly dependent on the spacer chain length, as well as the HTAB concentration. When the shortest spacer chain analogue 12-G2G-12 was used, an elevated HTAB concentration resulted in the structural transformations of the micelles as follows: i spherical or rodlike micelles, ii anionic wormlike micelles with a transient network, iii anionic wormlike micelles with micellar branching or interconnected structures, and iv cationic wormlike micelles. Similarly, when the middle spacer chain analogue 12-G5G-12 was used, the structural transformation from anionic to cationic wormlike micelles occurs; however, instead of the transformation occurring directly, the molecular aggregates with lower positive curvature were formed in this transition region. When the longest spacer analogue 12-G8G-12 was used, the formation of cation-rich molecular aggregates was not observed. These transition behaviors were rationalized by considering the packing geometry of the gemini surfactants with HTAB. Additionally, the increased spacer chain length resulted in decreased η 0 values in the anionic wormlike micellar region, suggesting the limited one-dimensional micellar growth of spherical, rodlike, or anionic wormlike micelles. The findings in this study are fundamentally useful in controlling the viscoelastic properties of aqueous products containing amino acid-based surfactants.
